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The role of electron heat flux in guide-field magnetic reconnection
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NASA Goddard Space Flight Center, Greenbelt, Maryland 20771
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(Received 20 April 2004; accepted 23 July 2004; published online 29 Octobey 2004

A combination of analytical theory and particle-in-cell simulations are employed in order to
investigate the electron dynamics near and at the site of guide field magnetic reconnection. A
detailed analysis of the contributions to the reconnection electric field shows that both bulk inertia
and pressure-based quasiviscous processes are important for the electrons. Analytic scaling
demonstrates that conventional approximations for the electron pressure tensor behavior in the
dissipation region fail, and that heat flux contributions need to be accounted for. Based on the
evolution equation of the heat flux three tensor, which is derived in this paper, an approximate form
of the relevant heat flux contributions to the pressure tensor is developed, which reproduces the
numerical modeling result reasonably well. Based on this approximation, it is possible to develop a
scaling of the electron current layer in the central dissipation region. It is shown that the pressure
tensor contributions become important at the scale length defined by the electron Larmor radius in
the guide magnetic field. @004 American Institute of PhysidDOIl: 10.1063/1.1795991

I. INTRODUCTION particle-in-cell simulations permit a self-consistent connec-

) ) ) ) - tion between the electromagnetic field evolution and the or-
Magnetic reconnection is a process, which facilitates,js o charge carriers.

plasma transport across magnetic field lines and magnetic  5q 5 result of these simulations, as well as of analytical
topologieé in a system, where plasma ions and electrons argrgumem&,ls,ls a picture emerged where the pressure re-
tied to mag_netic f_qu tube; almost e_verywhere in the \(olumqated term in Eq(2) plays the dominant role in the recon-
under conS|derat|c_)?1The dlsc_onnectlon and reconnection of e tion of antiparallel, or nearly antiparallel magnetic fields.
plasma e.Iementslls a_ccompllshed 'by'processes that gene_raé%ecifically, the reconnection electric field is, in excellent
in a localized region in space, deviations from the froze”"”approximation described by

condition, or ideal Ohm’s law:

E+vsxX B=0. (1)
) o 1 [Py Py,
HereE andB denote electric and magnetic fields, andhe Ey=- e _Y&x + pe 3
€

velocity of particle species. In order for reconnection to
proceed, Eq(1) needs to be violated by all particle species
involved individually. Since it is physically clear that violat-
ing Eqg. (1) is most difficult for electrons, we will, in this
paper, concentrate on the behavior of electrons.

Here we have, without loss of generality, assumed that the
reconnecting magnetic fields lie in tlipoloidal) x-z plane.
Under this premise, the electron momentum equatiori:he generauon.of nongyrotropic te"‘sof elements in (Bg'
: . - . as been explained by the bounce motion of electrons in the
can, in the absence of classical collisions, be derived fron?. o 17 o o
. . field reversal region! and quantified by a combination of
the Vlasov equations. In the electron rest frame, one obtains : ! ]
: S analytical arguments and targeted numerical modéli’r‘?g.
without further approxmaﬂoﬁs . o
In the presence of a guide magnetic field along the cur-
1 - Myl Ne rent direction, however, the mechanism may, in principle,
E=-VeXB- n_eV “Pe- o\ Ve VVvel. (@ change. Indeed, Pritchett and Cordflitargued, based on
¢ three-dimensional particle-in-cell modeling that guide field
As evident from Eq(2), the macroscopic manifestations of reconnection relies primarily on electron bulk inertia. Once
magnetic reconnection have to be related to thermal inertithe guide field magnitude exceeds a threshold, the Lorentz
terms (the divergence of the electron pressure tepsor  force associated with it will distort and ultimately eliminate
bulk inertia terms with temporal or spatial derivatives of thethe electron bounce motion in the poloidal field reversal re-
electron bulk flow speed. gion and pressure-based dissipation may be suppressed. No-
This electron dynamics in collisionless magnetic recon-tionally, this transition has to take place once the electron
nection has been the subject of a humber of recent studiesarmor radius in the guide magnetic field becomes compa-
most of which are based on particle-in-cell simulatiéii$.  rable to the inner gradient scale length of the reconnecting
While addressing only a limited spatial system, and limitedmagnetic field. The electron bounce width in the reconnect-
by physical parameters such as the ion-electron mass ratimg magnetic field componens, is given by?°
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| 2meT, (Y4 The poloidal magnetic field, a modified Harris st
A= 2| (4 of the following form:
e’B,
B, = tanh22) + agmr/L, cod27x/L,)sin(7z/L,), (6)

whereB,' denotes the derivative dB, with respect to the
direction normal to the current she@). Electron orbits be- .
come strongly modified once the thermal electron Larmor B, = —ag2mlL, sin2mxL,)cod wZL,). @)
radiusr; =vye/ (e €quals the bounce widil). After a small  The perturbation amplitude,=0.1 leads to an initial value
amount of algebra, one finds that this condition is equivalendf the normal magnetic field of about 3% Bf. The system
to size,L,=25.6 andL,=12.8, matches that of the Geospace
R Environment Modeling ProgranlGEM) reconnection chal-
By =B, \. (5) e . .
lenge. Similar to earlier studidsye here employ a constant
Equation(5) states that electron bounce orbits in the fieldmagnetic field component directed along the main current
reversal region become affected by the presence of a finitgow
guide magnetic field once the magnitude of the latter is as o
big as that of the reconnecting magnetic field at location of By=By,=08. (8)
the farthest excursion of an electron bounce motion. The ion-electron mass ratio is chosen torhém,=256. A
In this paper, we will investigate a system, whég total of 1x 10° macroparticles are employed during the cal-
exceeds the threshol@). While a number of studies have culation and an electron/ion temperature ratioTefT,=0.2
addressed magnetic reconnection in the presence of a guitigs been adopted.
field in both two- and three-dimensional mod&l?**one The system evolution is modeled by our particle-in-cell
recent analysis indicated that electron nongyrotropies magode. Particle orbits are calculated in the electromagnetic
play a significant role here aldoand a recent three- fields, and the electromagnetic fields are integrated by an
dimensional modeling result supports an alternative, inertiaimplicit method on a grid composed of 8800 cells inx
based dissipation proce¥sThus, further analyses are re- andz directions, respectively. Periodic boundary conditions
quired to study in more detail the relative importance ofare employed in the direction, whereas the particles are
thermal vs bulk inertial effects, and to understand the genspecularly reflected at the upper and lower boundaries. In
eration mechanism of any nongyrotropies which may beorder to reduce noise, the code output is averaged over 60
present in the calculation. This is the purpose of the presemdlectron plasma periods, centered at the time of interest.
investigation.
This paper is organized as follows: Section Il contains a
brief introduction of the modeled system and of the simula-
tion code applied to the problem. Section Il discusses feal-”' SE}/S\IAUTION OF THE RECONNECTING
tures of the overall system evolution and presents an analysis
of the immediate inner reconnection region. Section IV fo-  an overview of the evolution, shown in Fig. 1, demon-

cuses on the primary question of this paper—the dominanitrates the similarity of the reconnecting system to that found
dissipation mechanism. Section V extends this analysis t¢h calculations without guide field components. The initial,
include studies of electron distribution functions and ap-x-type perturbation leads to a reconfiguration. The most
proximate forms of the electron pressure tensor are derivegrominent difference to antiparallel merging is the inclina-
in Sec. VI. An approximate form of the heat flux tensor istion of the reconnecting current sheet with respect toxthe
derived in Sec. VIl and Sec. VIII focuses on scaling laws for gxjs. Figure 1 also shows the presence of a very thin current
component magnetic reconnection. Finally, Sec. IX presentgheet in the central reconnection region, which is likely as-
a summary and conclusions. sociated with electron demagnetization.
The panels of Fig. 2 show a blowup of the inner recon-
nection region, taken dt16. The top panel shows poloidal
Il. THE MODEL AND MODELED CONFIGURATION magnetic field lines and the total current density, as well as
electron flow velocities. The center panel shows that strong
During the discussion, we will employ dimensionlesselectron flows are associated with strong gradients of the
quantities. For this purpose, we normalize densities by anagnetic guide-field componei®,. The plot demonstrates
typical densityn, in the current sheet, the magnetic field by the presence of a quadrupolelike magnetic perturbation, al-
the asymptotic value of the reconnecting magnetic f&d  beit strongly distorted, and on top of the underlying guide
lons are assumed to be protofisassmy) throughout, and  field magnitude oB,,=0.8. Finally, the lower panel of Fig. 2
length scales are normalized by the ion inertial lengtl;,  displays the electron flow speed in tlyedirection. While
where the ion plasma frequenay=\e?ny/egm, is evaluated  flow velocity magnitudes are of similar magnitude as those
for the reference density. Velocities are measured in units ofiound in simulations of antiparallel merging, the layer is
the ion Alfven velocityv,=Bo/ \uomphy based on the refer- strongly concentrated on a scale substantially smaller than
ence magnitudes of magnetic field and density. The electrithe ion inertial length. We point out that the relative drift
field is measured in units d&y=v,By, the pressure in units between ions and electrons in the present calculation is, for
of po=B,?/uo, and the current density is normalized jip  the temperatures encountered in the simulation, close to but
=w;By/ Cp. not larger than the marginally Buneman-unstable threshold.
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FIG. 1. (Color online. Magnetic field lines ang component of the current density at different simulation times. After a slow phase, the system develops a
very thin current sheet in the central diffusion region, which is inclined relative tx toes.

Figure 3 displays the time evolution of the reconnectedvection electric field, the third panel displays the inertia con-
magnetic flux, defined as the integral of the normal magneti¢ribution, as defined by the last term in E@), and the
field component along the axis, for simulations with three bottom panel shows the pressure tensor contribution to the
different values of the guide magnetic field. The graphs in-electric field. Clearly, the drop of the convection electric field
dicate a slowdown of the reconnection rate with guide fieldcomponent neax=13 andz=0 is a result of the vanishing
magnitude. This is particularly apparent for a guide fieldpoloidal magnetic field components. The pressure tensor
value of B;,=0.8, when compared to the two lower cases.term, however, contributes substantially to the total electric
This result indicates that reconnection may favor sites ofield, specifically within the region arounx=13 andz=0.
antiparallel merging over those of component merging, ifHere the pressure tensor derivatives make up the majority of
other conditions are equal. they component of the electric field, and, accordingly, domi-

In the following section, we will analyze the dissipation nate the reconnection process.
mechanism, which provides a reconnection electric field in  In addition to the pressure tensor contribution, we also

the central region of the diffusion zone. find that the inertia term in Eq9) provides an appreciable
addition to the total electric field. This new role of inertia in

IV. DISSIPATION: ELECTRON PRESSURE VS BULK the dissipation process is a result of the substantially reduced

INERTIA scale sizes in the reconnection region. With gradient scale

lengths of the order of an electron Larmor radius, and
Uhaller than the collisionless skin deptdee beloy the in-
Brtia term becomes non-negligible at the edges of the strong
current channel in the dissipation region.

The main contribution, however, remains due to the elec-

Because of the smallness of scale lengths encountered
the preceding section, we extend the electric field equatio
(3) to include the effects of electron bulk flow inertia. With
this inclusion, Eq(3) becomes

E = 1 &PX:.,+ Py, Me &vel'+v Vool (@ tror'1 pressure tensor. !n light of the gxpec_ted e.Iectr.on mag-
Y e ey netization in the relatively strong guide field, it might be
ne\ dx Jz e\ a

expected that the expected electron distributions should be

An inspection of Figs. 2 and 3 immediately shows that theargely gyrotropic, yielding a pressure tensor of the form
first, time-dependent, inertia term cannot contribute signifi-

cantly to the total reconnection electric field.

The analysis of the remaining terms, together with the  _ P— P ==
electron convection electric field Peg=p,1+ v B. (11)
Eyc =~ (VeBx—VeBy) (10

is shown in Fig. 4. The top panel shows the total reconnecHowever, the electric field contribution due to the gyrotropic
tion electric field, the second panel exhibits the electron conelectron pressure of the forl),
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FIG. 2. (Color online. Detailed analysis of the reconnection regiont at

=16. Shown are Poloidal magnetic fieldcomponent of the current density,

and poloidal electron flow velocitgtop pane); out-of-plane magnetic field
B, and electron flow velocity,, (center and bottom panels, respectiyely

3 s ghop
-enE= V -Pgdy=BB- V ”Bzi
P=PLg
+ ”BZLB-VBV, (12)

vanishes at the reconnection site, where ®jlandB, van-
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magnetic flux normal to current sheet
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FIG. 3. (Color onling. Evolution of the normal magnetic flux for three
calculations: With vanishing initial guide fielded), with a 40% guide field
(blue), and with an 80% guide fiel¢black). The latter case is the focus of
the present paper.

5 shows distribution functions in the central electron dissipa-
tion region. While the reduced distributidt(v,,v,) appears
isotropic (middle pane), the other two distributions feature
extended tails in the, direction, antiparallel to the current
density flow. Thus, in the very center of the current layer,
electrons are essentially gyrotropic, with a presence of accel-
erated electrons along the magnetic field. It should be noted
that the distribution should be expected to be gyrotropic only
at the central point of the current layer—at any different
location the distribution will exhibit nongyrotropies.

Thus, as the observing location is moving away from the
central point of the reconnection region, electron distribu-
tions rapidly develop nongyrotropies. As an example, Fig. 6
shows reduced electron distributions accumulated a consid-
erable distance away from the reconnection region, in the
major outflow channe{see Fig. 2 The distributions show
an overall orientation along the local magnetic field with
some noticeable deviatiorisee below. As a result of the
poloidal magnetic field, the lower left panel shows an incli-
nation of the distribution in the, direction, whereas the

ish. As a result, deviations from gyrotropy are necessary inower right panel exhibits a distribution inclined in the
order to explain the major component of the reconnectiorirection. The distribution in the center panlp,,v,) is not
electric field. In the following sections, we will explore the isotropic anymore, indicative of finite electron streaming
nature of electron distributions, and perform a detailed analyalong the poloidal magnetic field also.

sis of the mechanism responsible for electron nongyrotropy.  While the distributions of Fig. 5 appear to be essentially

V. ELECTRON DISTRIBUTIONS

For simplicity we will study in the following reduced
distribution functions, defined by, e.g.,

F(vx,vy)=f dv,f(vyvy,0,).

gyrotropic, immediately adjacent distributions show evi-
dence of deviations from gyrotropy. As a specific example,
the lower left panel of Fig. 6 shows, for higher energies, an
apparent small asymmetry relative to the main axis of the
distribution, which is given by the local magnetic field direc-

tion. According to Eq.(12), such small deviations have to

play an important role in the reconnection process. We will,
in the following, provide a scaling of the electron pressure

Figures 5 and 6 show reduced electron distribution functionstensor evolution, which assumes that the pressure tensor is
taken by accumulating particles in the shaded regions. Figumnostly gyrotropic and develop an approximate, leading-order
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-1
x10 JPe

. E:—V-(vePe.)—Pe-Vve—[Pe-Vve]T
0.1 1.9 e o - -
g - —(P.XB+[P,xB]") -V -Q, (13
0.0 ' ~ e
z 1.7 where V-Q denotes the divergence of tfigiple) electron
-0.1 1.6 heat flux tensor. Figure 3 demonstrates that the overall evo-
|5 lution time scaler is related to ion cyclotron time scales.
] v Further investigations of the time evolution of the electron
13.0 13.2 13.4 4 pressure tensor shows this to be true for the tensor compo-
x10 nents also. Therefore, we can assume
| 0.2 >0 L,
0.1

il
O

TIT TR [T TTTTTT

wherelL is a typical gradient scale length amda typical
electron flow velocity. With this assumption, E.3) sim-
plifies to

o P N e o
V - (VePe) + Pe VVe+[Pe- Vv + n—]e(Pex B

+[P.xB])+V -Q=0. (14)

With the exception of the heat flux tensor, all terms in Eq.
(14) scalelike the inverse electron cyclotron period or an in-
verse electron travel time. No immediate scaling is available
for the heat flux contribution. Hess al® ignored the heat
flux contribution, which leads to the simplification of Eq.
(14)

o P o e o
V - (VePe) + Pe VVe+[Pe- Vv + n—]e(Pex B

13.0 13.2 * 134 5
5 +[Pex B]") = 0. (15)
1 .
OX2O The relevant pressure tensor components in(Bgnow fol-
' low from the same components of E45). For example, the
0.1 0.1 x-y component of Eq(15) becomes, after neglecting deriva-
0.0 tives with respect tg,
0.0
7 0.0 V. (Vepxy) + Px><‘9xvy + szazvy + ny‘9xvx + nyaxvx
-0.1 0.1 + Py v+ QP+ Qy(Pyy— Py) —Q P, =0. (16)
i 0.2 Further assumptions are necessary. Near the reconnection

13.0 132 X 13.4 site, the magnetic field is dominated by the guide field com-

ponent. Specifically, we can assume that
FIG. 4. (Color online. Contributions to the total electric field near the

reconnection region for=16. The panels show the total electric field, the By > By, B,
electron convection contribution, and electron inertial and quasiviscous, . . . . L
pressure tensor-derived electric fields. n the regIOI’l Under InveStIgatIOI’l Furthel’mOI’e, It IS reason-

able to assume that electron distributions are nearly gyrotro-
pic. This implies that the diagonal elements of the pressure
] tensor are much larger than the nondiagonal components,
theory for the nongyrotropic components near the centrafhich are identical to the nongyrotropic components if the
reconnection region. guide field dominates, or

VI. PRESSURE TENSOR APPROXIMATIONS Under these assumptions, E@6) and itsy-z equivalent can

i _ be solved for the nongyrotropic pressure tensor components.
Key to understanding the development of nongyrotropic, leading order these are

pressures is an analysis of the pressure tensor evolution. In
the center-of-mass system of the electron fluid, the electron

pressure tensor takes the féfm

P26 By
Pye=~— —2—X+ (Pyye— Pyrd—, (179
xye Qe oz yye 7z By
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FIG. 5. (Color online. Reduced electron distribution functions near the center of the reconnection region. The top panel shows the location where particles
were accumulated. The distribution is approximately gyrotropic.

P...dv B nant components of the pressure tensor compoRegjtin
yze™ (;:ejh (Pyye~ PXXQB_}Z/- (17 the immediate vicinity of poloidal magnetic field nuglli.}

In order to investigate this discrepancy further, we
Here the first terms are anisotropy driver terms, whereas theolved Eq.(16) for Py.e Without any further approximation.
second set of terms represent contributions primarily fromrhe result still did not reproduce the valuesRyjf, obtained
the gyrotropic part of the pressure tensor. Equatithiy  directly from the simulation sufficiently well, even when
were first shown by Hesset al.® without a detailed presen- adding time dependence back into the expression. Therefore,
tation of the derivation. A comparison between actual simuwe are forced to conclude that neglecting the heat flux tensor
lation results and results from Eq47) is shown in Fig. 7. appears not justiﬁed in the present calculation.
Similar to the earlier display in Hesset al.’ the panels Adding the heat flux tensor back into EG.7b) leads to
show, at first glance, an apparent reasonable agreement be-
tween the direct simulation output and the approximation
based on Eqg17). It is evident that the major contribution is

B

Pyxedv B
from z derivatives ofP,g in fact, thez derivative ofPy,.is Pyze=~ 6xe7zy +(Pyye~ Pxxe)gz
approximately independent af € Y
ngever, rflclo_ser mspect.lon of Fig. 7.reveals an impor- . 1 ﬁQXX!e+ Qxyze . (18)
tant difference: While the particle data-derived value®gpf, O\ X Jz

(second panglfeature a clear gradient in thedirection at

the reconnection location, atx=13.15, this is not the case

in the approximation, which is shown in the bottom panel.Derived from particle data without any further approxima-
This deficiency would lead to a substantially reduced valudion, the heat flux tensor componeg,,.andQ,,,, as well

of an approximate reconnection electric field, if that wereas their derivatives are shown in Fig. 8. The lower panels
calculated based on E(L7b). While P, . appears to be re- demonstrate that the second, heat flux related, term in Eq.
markably well represented by E@L7a (third pane), we (18) is dominant in the immediate vicinity of the reconnec-
thus find that Eq(17b) does not represent the entire, domi- tion region. Therefore, Eq18) can be simplified as
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FIG. 6. (Color onling. Reduced electron distribution functions away from the center of the reconnection region. The top panel shows the location where
particles were accumulated. The distribution shows small deviations from gyrotropy.

_— Piee (PP QEJrngX ze 19 {(/)Ir”Qxyzeand finally develop a reconnection scaling in Sec.
Y2 Qg ox we e, Q. az :

The result of this approximation, depicted in Fig. 9, shows an

excelleqt match with the dir.ect determination B}fze from VII. EVOLUTION OF THE HEAT FLUX TENSOR AND
the particle data. Thus we find that an appropriate approXiappROXIMATE REPRESENTATION OF Quze
mation of the pressure nongyrotropy in the immediate vicin-
ity of the neutral point of the poloidal magnetic field cannot ~ The heat flux tensor is defined in the electron center-of-
be found without inclusion of a heat flux tensor componentmass system as
This result is a major point of this paper.
Figure 10 shows that the pressure tensor varies on scales 6 - msf d®u(u - v)(u - v)(u - V)f.. (20)
smaller than the electron inertial length. Instead, the electron
Larmor radius in the guide magnetic field, approximately

equ_al tgrL:O.OS, mig_ht provide the dominant Sf:ale length. plasma species, u the phase space velocity, arndhe bulk
Derivation of ,a scaling Iqw 9f the reconnec.tlon proce,ssﬂow speed. An evolution equation f is obtained by mul-
therefore requires the derivation of an analytic expressm@imying the Vlasov equation byiuu and integrating over

and of an evolution equation for the entire heat flux tensorphase space. The result needs to be transformed into the
. . .95 . .

While Braginskif® developed suitable heat flux approxima- center-of-mass frame of species s in order to derive an evo-

tions for collisional plasmas, to our knowledge no such ex4ution equation foiQ. After lengthy algebra, one finds for the

pression exists for collisionless systems. In the followingcomponents of the heat flux tens@ndex denoting species

section, we will therefore derive an approximate expressiommmitted for simplicity

Here,fs andmg denote the distribution function and mass of
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FIG. 7. (Color online. Electron pressure tensor components, derived di-
rectly from the particle informatiotop panely or from the approximation
(17) (bottom panels While the x-y components match very well, thez
components show a noticeable difference rnesd andx=13.15.
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FIG. 8. (Color onling. Relevant components of the heat flux triple-tensor
(top panels and their derivativegbottom panels

Heree, denotes the charge of speciande;y is the usual,
totally antisymmetric tensor. Equatiq@1) relates the time
evolution of Qy, to lower order moments such as pressure
and velocities, as well as to the fourth order terisgy. The
last term in Eq(21) is a term, which represents the effects of
particle cyclotron motion on the heat flux tensor in a similar
way to the cyclotron term in Eq13). Clearly, Eq.(21) is
invariant under change of order of indices, leading to a to-
tally symmetric heat flux tensor.

Further progress toward a simple scaling relation re-
quires simplifying assumptions. With similar arguments as in
Sec. VI, we neglect time dependence. We also neglect the
four tensorl’;,. We will see below that this neglect is ac-
ceptable. An expression f@,,, can now be obtained from
the x,y,x-component of Eq(21):
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FIG. 9. (Color online. Approximation of the pressure tensor component
Py,e that includes heat flux contributions. This approximation shows and

excellent match with Fig. 7.

>

2P, v vy + Py, oy + Q + Quy—v
= X xIVxUy ylUxUx el ; Ixyylx

J J e
+ ; Qlyx&vx + EI Q|XX&|vy - n__‘e(zQxysz - 2Qxysz

+ Qxxsz - Qxszx) =0. (22)

Neglecting magnetic field components other thap the
convection term=,d/ dx(Qyy,w)), and assumings;< Pisvy
(a reasonable assumption for a nearly gyrotropic plasma

near the reconnection region, reduces @) to the simple
expression

11 0 2 J
Qxyzz -5 a_X(Pxxvay"' 0-5nyvx )+ a_Z(szvay

Qy
+ O.5Pyzvxz)] . (23

In analogy to the derivation of Eq17), we recognize that
the leading order term in E@23) is

P atx=13.15,t=16
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FIG. 10. (Color onling. Plot of P, at x=13.5 andt=16. The figure dem-
onstrates that the electron pressure tensor varies on scales smaller than
electron inertial lengtft/ wye, which is of a numerical value of approxi-
mately ¢/ w,e=0.11 in the location.
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FIG. 11. (Color online. Approximate form of the heat flux tensor compo-
nentQ,,,. The figure shows thad,,,.is reasonably well approximated in
the very center of the current sheet. Our analysis indicates that further im-
provements in the approximation may be impossible without accounting for
higher order moments of the distribution function.

19 Pyvy dv
~ ~ _ XXy 77X
Qxyz~ anX(Pxxvxvy) =~ Qy ox (24

for the relevant component of the electron heat flux tensor.
Figure 11 shows a comparison between the heat flux tensor
calculated directly from the simulation results and the ap-
proximation (24). The cut along the direction shows that
the central, positive feature iQ,,,.is reasonably well rep-
resented by the approximatiof24) on electron Larmor
scales(r =0.03 in this region The negative values for
larger z cannot be reproduced, even if all terms in E2R)

are included in the expansion. It remains highly likely that
the four tensoil’;; needs to be included in order to account
for all details of the heat flux tensor variations. Here, we
restrict ourselves to an approximate reproduction of the main
pgatures of the heat flux tensor in the region of interest. In the
o?lowing section, we will use this result to derive approxi-
mate scaling laws for the inner diffusion region.
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VIII. APPROXIMATE SCALING OF THE DIFFUSION based on a combination of numerical modeling and analyti-
REGION DIMENSIONS cal theory. The analysis expands on a number of recent in-

The analysis of Sec. IV showed that the inertia term investigations of component merging. These studies were
Eq. (9) constitutes a substantial contribution to the reconnecbased on particle-in-cell simulatiofis;*and hybrid and fluid
tion electric field. The reconnection region therefore has twgnodeling:®+2%27
transitions, the first, where the convection electric field be-  During the analysis, we found that relatively extreme
comes equal to the inertial electric field, at a sdajeand a  numerical resolution proved essential in order to resolve the
secondL,, where the inertial electric field is matched to the small scales inherent in the electron diffusion region. Spe-

pressure tensor-derived electric field.; is readily deter- cifically, we found that resolving the electron Larmor radius

mined by the expansioh: in the guide field was necessary in order to resolve the gra-
m, v 1 By, M, 2 1 dient scale of the system in the inner diffusion region. In

|Einertiall ~ —v— ~ _2Lze2 =Bw,/——>— order to permit sufficient resolution and provide a large num-

e "ox  Li" po &Me ®pe L1 ber of particles in each simulation cells, we therefore delib-

: 2 1 erately chose to study a translationally invariant model. The

= [Ecomectio QLTZ (25) price to pay for this restriction is the omission of modes with

o ) . finite ky, such as those involved in Buneman instabilities and
The pressure electric field is derived from the first term Ofgjectron hole§. Therefore, our analysis cannot address the
Eq. (9). With the addition of Eq(24), the pressure tensor e gych processes can play in the reconnection process.

y-z componeni20) becomes However, we did find a complete picture of how magnetic

Puxe Wey B, 1 d(Pyuydvy reconnection can operate, primarily by means of electron
Pyze= + (Pyye_ T | h | i if IV si i ;
Q, x B, Q,az\ Q, x thermal inertia, even if a moderately sized guide magnetic

field is present in the inner diffusion region.

The key question addressed by our investigation focused
where the last term dominates the reconnection electric fieldn the relative roles of electron bulk inertial processes and
near the zero of the poloidal magnetic field. Ignoring lowerthermal inertial processes, the latter of which manifest them-
order terms, and assuming a divergence-free electron velogelves in nongyrotropic electron pressure tenéovéhen

(26)

ity, the pressure electric field can be scaled as studying the inertial contribution to the reconnection electric
1 1 & [P, d, field, we found that there is indeed a finite contribution from
|Epressurd ~ Eag(f&) bulk inertia, inside of a collisionless skin depth scale length.
ey Y This result is consistent with the recent investigation by
_ iii(@x%) Pritchett and Coronit® In addition, however, we also found
neQ, i\ Q, dz further contributions of the electron pressure tensor inside a
1 pP. 1 r 2 smaller scale length, where, in fact, the inertial contribution
~ |Emema||L—ZQ—x’;n— = |Emema,|ﬁ. (27)  dropped to zero. Here, nongyrotropic pressures were indeed
2 22y NeMe 2 seen, with gradients sufficient to support the reconnection

Equation(26) states that the transition from inertia-based toelectric field in the very center of the reconnection region.
pressure-based dissipation occurs at a scale length equal to Studying electron distribution functions in the diffusion
the electron Larmor radius in the guide magnetic field com+egion, we found small deviations from gyrotropic distribu-
ponent. This is consistent with the electron pressure gradiettions, consistent with the presence of nongyrotropic pres-
scale inferred from Fig. 10. sures. We used this feature to derive an approximate expres-
Thus we find that there are two scale lengths associatesion for the electron pressure tensor in the neighborhood of
with collisionless magnetic reconnection in the presence ofhe null in the poloidal magnetic field. The results were iden-
moderate guide fields. The first, well-known scale is reachegical to those derived by Hess al® When comparing the
the inertial electric field equates the magnitude of the conpressure tensor so derived with values derived directly from
vection electric field. This scale Iength is the COI”SionIESSthe simulation mode|, we discovered an unexpected and Sig-
skin depth. For values of the electr@F uope/B* of less pificant difference near the null of the reconnecting field.

than unity, the second transition occurs at a scale length of afinjs difference proved sufficient to invalidate the previous
electron Larmor radius in the guide magnetic field. The verygiectron pressure tensor approximation.

small scales associated with the electron Larmor radiqs Per-  Reintroduction of additional terms into the expression
mit the heat flux to take on an unprecedented role in g, yhe pressure tensor proved ineffective, as long as the
electron dissipation process. divergence of the heat flux tensor was not included. We
therefore calculated the third moments from the particle data.

IX. SUMMARY AND CONCLUSIONS The results showed that inclusion of the heat flux is neces-
In this paper, we presented an analysis of the electrosary to reproduce the electron pressure tensor in the recon-
diffusion region in collisionless magnetic reconnection, innection region. This is one of the main results of the present
the presence of a guide field of magnitude comparable to thstudy. In pursuit of the goal to scale the electron pressure and
reconnectiong magnetic field components. The analysis wagconnection electric field, we therefore derived the evolu-
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tion equation of the heat flux three tensor. Assuming the hegiresented in this paper help to shed light on the way recon-
flux tensor components are small compared to products beection operates in the presence of a guide magnetic field.
tween pressure and velocity, we could reduce this equation to
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